
NASA 
Tech n ica i 
Paper 
2224 

October 1984 

- ,: 
, . .  . 

. . ._. . , 
- .  . . .. 

I . 1 .  .:i 

- . . .  

- I + )  

t 

In-Flight Total 
Forces, Moments, and 
Static Aeroelastic 
Characteristics of 
an Oblique-Wing- c 

- 

Research Airplane 



I NASA 

1 Paper 
~ 2224 

Tech n ica I 

I 

I 1984 
I 

National Aeronautics 
and Space Administration 

Scientific and Technical 
Information Branch 

In-Flight Tot a1 
Forces, Moments, and 
Static Aeroelastic 
Characteristics of 
an Oblique-Wing 
Research Airplane 

Robert E. Curry 
and Alex G. Sim 
NASA Ames Research Center 
Dryden Flight Research Facility 
Edwards, Calgornia 



SUMMARY 

A low-speed f l i g h t  i nves t iga t ion  has  
provided t o t a l  fo rce  and moment coef- 
f i c i e n t s  and a e r o e l a s t i c  e f f e c t s  f o r  t h e  
AD-1 oblique-wing research  a i rp l ane .  The 
r e s u l t s  were i n t e r p r e t e d  and compared 
with p r e d i c t i o n s  t h a t  w e r e  based on wind 
tunne l  data. An assessment has been 
made of t h e  aeroelastic wing bending 
design criteria. La te ra l -d i r ec t iona l  
t r i m  requirements caused by asymmetry 
w e r e  determined. A t  angles  of a t t a c k  
near  stall ,  flow v i s u a l i z a t i o n  ind ica t ed  
viscous flow sepa ra t ion  and spanwise 
vor tex  flow. These e f f e c t s  w e r e  a l s o  
apparent  i n  t h e  f o r c e  and moment data .  

INTRODUCTION 

I n  r ecen t  years  t h e  oblique-wing 
conf igura t ion  w a s  proposed by D r .  R. T. 
Jones ( r e f .  1 ) .  Studies  of t h e  oblique- 
wing concept have shown s u b s t a n t i a l l y  
improved t r anson ic  aerodynamic perform- 
ance a t  Mach numbers up t o  1.4, and the  
e l imina t ion  of son ic  booms i n  f l i g h t  a t  
Mach numbers as high as 1.2 ( r e f .  2 ) .  
Subsonic, oblique-wing t r a n s p o r t  s t u d i e s  
have shown t h e  p o t e n t i a l  of e i t h e r  
increased  range o r  increased  payload 
( r e f .  3 ) .  The a n t i c i p a t e d  l o w  airport 
n o i s e  and genera l ly  b e t t e r  low-speed 
performance c h a r a c t e r i s t i c s  a f forded  by 
t h e  unswept (high-aspect-rat io)  configu- 
r a t i o n  are common t o  both t h e  t ransonic  
and subsonic conf igura t ions .  An over- 
view of oblique-wing technology is  given 
i n  re ference  4. An unmanned oblique- 
wing veh ic l e  has  been f l i g h t  tested a t  
sweep angles  up t o  450 ( r e f .  5 ) .  
Although oblique-wing aerodynamic per- 
formance b e n e f i t s  occur a t  t r anson ic  
speeds, many of the problems assoc ia ted  
with asymmetry are not  s t rong ly  t i e d  t o  
compress ib i l i ty ,  and thus  ( t o  a limited 
e x t e n t )  can be eva lua ted  a t  l o w  speeds. 
The AD-1 p r o j e c t  w a s  conducted t o  inves- 
t i g a t e  t h e  low-speed c h a r a c t e r i s t i c s  of 
an oblique-wing configurat ion.  

The approach taken f o r  t h e  AD-1 pro j -  
e c t  w a s  t o  design and f a b r i c a t e  a l o w -  
speed, low-cost, a i r p l a n e  i n  which 
research  could be conducted on many of 

the  problems a s soc ia t ed  with an aero- 
e l a s t i c a l l y  ta i lored oblique-wing air- 
plane. The "low cost, l o w  speed" con- 
cept l imi t ed  both t h e  complexity of t h e  
vehicle  and t h e  scope of t h e  t echn ica l  
object ives .  L o w  speed allowed t h e  use 
of a s i m p l e  s t r u c t u r e ,  f i xed  landing 
gear, and mechanical con t ro l  system. 
Technical ob jec t ives  were l imi t ed  by 
using only a minimal 40-channel i n s t ru -  
mentation sys t em.  The s p e c i f i c  techni-  
ca l  ob jec t ives  of t h e  AD-1 program w e r e :  
(1)  assessment of the unique handling 
and f l y i n g  q u a l i t i e s  of an unaugmented, 
low-speed, oblique-wing vehic le ;  ( 2 )  
general appraisal of t h e  na ture  and com- 
p l ex i ty  of a f l i g h t  con t ro l  system on an 
oblique-wing conf igura t ion ;  ( 3 )  v e r i f i -  
ca t ion  of t h e  wing s t a t i c  aeroelastic 
c r i t e r i a ;  and ( 4 )  comparison of t h e  
fl ight-determined aerodynamic da ta  with 
pred ic t ions .  

The geometric configurat ion of t he  
AD-1 a i r c r a f t  w a s  s e l e c t e d  from a i r p l a n e  
configurat ions s t u d i e d  by t h e  Boeing Com- 
mercial Airplane Company under con t r ac t  
t o  NASA (ref.  2 ) .  While t h e  o v e r a l l  
vehicle  design w a s  s p e c i f i e d  by NASA, t h e  
de t a i l ed  design and load ana lys i s  w e r e  
conducted under a cont rac ted  e f f o r t  by 
the Rutan Aircraft  Factory. Fabricat ion 
was completed under a contracted e f f o r t  
by t h e  Ames I n d u s t r i a l  Corporation. 

I n  t h i s  report, f l ight-determined 
t o t a l  f o r c e  and moment c o e f f i c i e n t s  and 
a e r o e l a s t i c  e f f e c t s  are compared with 
p r e f l i g h t  pred ic t ions .  Based on t h e  
f l i g h t  data, an eva lua t ion  of the wing 
s ta t ic  aeroelastic design cri teria i s  
made. Some c h a r a c t e r i s t i c s  of t h e  data 
caused by flow sepa ra t ion  and spanwise 
vortex formation a t  high wing sweeps and 
angles of attack are also i d e n t i f i e d .  
In  conjunction with re ference  6, these 
r e s u l t s  provide a complete aerodynamic 
data package f o r  t h e  AD-1 research  
vehicle.  

NOMENCLATURE 

The right-hand r u l e  is  used as a 
bas is  f o r  t h e  f o r c e  and moment s ign  con- 
vention. The long i tud ina l  c o e f f i c i e n t s  



, are referenced t o  t h e  f l i g h t  s t a b i l i t y  
a x i s ,  and the  l a t e r a l - d i r e c t i o n a l  coef- 
f i c i e n t s  a r e  referenced t o  t h e  body ax i s .  
All data a r e  referenced t o  a longi tudi -  
n a l  cen te r  of grav i ty  a t  t h e  wing p ivo t  
( t h a t  i s ,  40-percent r o o t  chord) ,  are 
f o r  t h e  r i g h t  wingt ip  forward o r  a t  zero 
sweep, and include t h e  e f f e c t s  of land- 
i n g  gear.  Wing sweep is t h e  sweep angle  
of t he  
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s t r a i g h t  chord l i n e  on t h e  wing. 

normal acce le ra t ion ,  g 

a x i a l  acce le ra t ion ,  g 

l a t e r a l  acce le ra t ion ,  g 

reference and a c t u a l  unswept wing 
span ,  m ( f t )  

cen ter  of g rav i ty ,  f r a c t i o n  of Cy 

reference and unswept wing r o o t  
chord, m ( f t )  

acce le ra t ion  due t o  g rav i ty ,  g 

r o l l i n g  moment of i n e r t i a ,  kg-m2 
(s lug-f t2  1 

x-y c ross  product of i n e r t i a ,  
kg-m2 ( s lug- f t2  ) 

x-z cross  product of i n e r t i a ,  
kg-m2 ( s lug- f t2  1 

p i t ch ing  moment of i n e r t i a ,  kg-m2 
(s lug-f t2  ) 

(s lug-f t2  ) 

yawing moment of i n e r t i a ,  kg-m 2 

r o l l  rate, deg/sec or rad/sec 

p i t c h  r a t e ,  deg/sec o r  rad/sec 

dynamic pressure ,  N/m2 ( lb / f  t2 ) 

yaw ra t e ,  deg/sec or rad/sec 

reference wing area, m2 ( f t 2 )  

n e t  t h r u s t ,  both engines,  N ( l b )  

ve loc i ty ,  m/sec ( f t / s e c )  

weight, N ( l b )  

windup t u r n  

angle  of attack, deg 

angle  of s i d e s l i p ,  deg 

v e r t i c a l  d i s t ance  from t h e  engine 
t h r u s t  l i n e  t o  the c.g., m ( f t )  

a i l e r o n  de f l ec t ion ,  Galeft 

- &aright '  deg 

a i l e r o n  t r i m  t a b  de f l ec t ion ,  deg 

e l eva to r  de f l ec t ion ,  deg 

e l eva to r  t r i m  t a b  de f l ec t ion ,  deg 

upper rudder de f l ec t ion ,  deg 

lower rudder de f l ec t ion ,  deg 

wing s w e e p  angle ,  deg 

bank angle ,  deg or r a d  

Coeff ic ien ts :  

drag f o r c e  

l i f t  force 

r o l l i n g  moment 

p i t c h i n g  moment 

yawing moment 

sidef o rce  

r o l l i n g  moment increment 
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1 A C ,  p i t c h i n g  moment increment 

i ACn yawing moment increment 

~ Deriva t ives  : 
I 

1 where 

k = p ,  r 

I d e r i v a t i v e s  with r e spec t  t o  CD, CL, c g ,  
Cn, and Cy are of t h e  s a m e  f o r m  as C,. ' 

VEHICLE DESCRIPTION AND INSTRUMENTATION 

I The general  layout  of t h e  AD-1 air- 
l plane ,  shown i n  f i g u r e  1, c o n s i s t s  of a 

h igh- f ineness- ra t io  fuse lage ,  t w o  turbo- 
j e t  engines mounted on s h o r t  pylons on 
t h e  sides of t h e  fuselage,  f i xed  gear,  
and a high-aspect-rat io ,  ae roe la s t i c -  
a l l y  ta i lored obl ique  wing. 
r i c  conf igura t ion  i s  s i m i l a r  t o  t h a t  of 

, a t r anson ic  t r a n s p o r t  design s tud ied  i n  
re ference  2. The wing can be pivoted i n  
f l i g h t  f r o m  O o  t o  60° sweep, with r i g h t  
wing forward, and about a p ivo t  po in t  a t  
t h e  40-percent root chord loca t ion .  A 
t o t a l  f u e l  capac i ty  of 270 l i ters I , (72 g a l )  is  stored i n  t w o  fuse lage  tanks  
located forward and a f t  of t h e  wing 

j p i v o t  loca t ion .  The f l i g h t  cen ter  of 
g rav i ty  ( c o g . )  w a s  genera l ly  wi th in  a 
f e w  percent  of t h e  nominal qua r t e r  r o o t  
chord value.  Addit ional  phys i ca l  char- 
acter is t ics  are given i n  table 1. The 
a i r p l a n e ' s  s t r u c t u t a i  composition, 

The geomet- 

f l i g h t  con t ro l s ,  and i n e r t i a s  are dis- 
cussed i n  re ference  6. 

The wing s t r u c t u r e  w a s  designed t o  
d e f l e c t  under aerodynamic loading t o  an 
optimum c u r v i l i n e a r  shape a t  t h e  design 
f l i g h t  condi t ion ( l i f t  force  c o e f f i c i e n t  
(CL) = 0.3, wing sweep angle  ( A )  = 600). 
The a c t u a l  wing de f l ec t ion  i n  bending 
and t w i s t  w a s  v e r i f i e d  before  f l i g h t  
through s ta t ic  ground loading tests. 
The r e s u l t s  of t h e  loading tests are 
included i n  re ference  7. 

An 8-b i t ,  40-channel instrumentat ion 
s y s t e m  w a s  used t o  provide f l i g h t  data .  
Consis tent  with t h e  low-cost concept, 
the  instrumentat ion system w a s  t h e  mini- 
mum t h a t  w a s  requi red  t o  accomplish t h e  
t echn ica l  ob jec t ives  and ensure s a f e t y  
of f l i g h t .  A l i s t  of instrumentat ion 
parameters r e l evan t  t o  t h e  aerodynamic 
data a n a l y s i s  i s  presented i n  t a b l e  2. 

WIND TUNNEL DATA 

P r e f l i g h t  estimates of t h e  fo rces  
and moments w e r e  obtained f r o m  wind 
tunnel  tests of an a e r o e l a s t i c a l l y  
scaled 1/6-scale model i n  NASA Ames 
Research Center ' s  12-Foot Pressure Wind 
Tunnel a t  Moffett  F i e ld ,  Cal i forn ia .  
F u l l - s c a l e  Reynolds number and scaled 
a e r o e l a s t i c  wing bending w e r e  obtained 
w h i l e  ope ra t ing  a t  4.5 atmospheres stat- 
i c  pressure  and Mach 0.3. The wing w a s  
po in t  designed for an optimal shape a t  
0.3 CL and 600 A .  While most of t h e  
data w e r e  obtained a t  t hese  condi t ions ,  
limited tests were also made a t  lower 
Mach numbers or tunnel  pressures  t o  
obta in  veh ic l e  c h a r a c t e r i s t i c s  a t  angles  
of a t t a c k  over 110 or a t  off-design wing 
def lec t ions .  Most of t h e  wind tunnel  
data w e r e  obtained over an angle  of 
attack range from -4O t o  l l O .  Predic- 
t i o n s  ou t s ide  t h i s  range w e r e  obtained 
by ex t r apo la t ing  t h e  a v a i l a b l e  higher  
angle-of-attack data .  The wind tunnel  
data w e r e  obtained a t  wing sweep angles  
of O o ,  25O, 45O, and 60°. Predic t ions  
a t  15O and 300 sweep w e r e  obtained by 
i n t e r p c l a t i n g  the  w i i i d  t'tnne: data. 
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During the  wind tunnel  tests, two 
d i f f e r e n t  model support  conf igura t ions  
were used ( f i g .  2 ) .  In t h e  l o w e r  s t i n g  
conf igura t ion ,  i n t e r f e rence  with t h e  
ho r i zon ta l  t a i l  flow w a s  i d e n t i f i e d ,  as 
discussed i n  reference 6. Because of 
t h i s  in te r fe rence ,  t h e  upper s t i n g  con- 
f i g u r a t i o n  was used t o  obta in  t h e  da t a  
shown i n  t h i s  r epor t .  The e f f e c t  of 
t h i s  arrangement on t h e  v e r t i c a l  t a i l  
cont r ibu t ion  is. unknown, which adds some 
unce r t a in ty  t o  t h e  drag, s ideforce ,  yaw, 
and longi tudina l  t r i m  p red ic t ions .  

One aluminum and two f i b e r g l a s s  
model wings were used during t h e  wind 
tunnel  t e s t i n g .  The f i b e r g l a s s  wings 
w e r e  designed t o  have t h e  same scaled 
s t i f f n e s s  ( i n  bending) as t h e  f l i g h t  
veh ic l e  s t ruc tu re .  The aluminum wing 
w a s  used f o r  preliminary t e s t i n g ,  but  
t h e  f i n a l  force,  moment, and a e r o e l a s t i c  
p red ic t ions  were obtained us ing  t h e  more 
f l e x i b l e  f i b e r g l a s s  wings. The two 
f i b e r g l a s s  wings had s t r a i g h t  25-percent 
and 30-percent chord l i n e s ,  respec t ive ly .  
Both wings had t h e  same aspect r a t i o ,  
taper ra t io ,  and a i r f o i l  sec t ion .  The 
s t r a i g h t  chord l i n e  of t he  f l i g h t  vehi- 
cle occurred a t  about 27-percent chord, 
and r e s u l t s  from t e s t i n g  with t h e  t w o  
f i b e r g l a s s  wings w e r e  ad jus ted  t o  pro- 
v ide  corresponding data .  

It  w a s  assumed t h a t  wing bending w a s  
t h e  primary cont r ibu t ion  t o  a change i n  
t h e  wing shape. The wind tunnel  pres- 
s u r e  w a s  var ied t o  ob ta in  changes i n  
dynamic pressure and wing loading a t  
cons tan t  ve loc i ty  and angle  of a t t ack .  
The dynamic pressure necessary t o  cause 
t h e  wing t o  bend t o  i ts  design shape a t  
CL = 0.3 is  re fe r r ed  t o  as t h e  design 
dynamic pressure ( 9 )  o r   DESIGN, and m o s t  
of t h e  wind tunnel da t a  w e r e  obtained a t  
t h e s e  conditions.  Design Zj corresponded 
t o  23.2 kN/m2 (485 lb/f  t2 ) i n  t h e  wind 
tunne l  and 3.2 kN/m2 (66 l b / f t 2  ) f o r  t h e  
f l i g h t  vehicle  a t  8230 N (1850 l b )  gross 
weight. The model was photographed a t  
t h e  design condi t ions t o  v e r i f y  t h a t  t h e  
intended wing shape w a s  achieved. 

To def ine  t h e  aerodynamics a t  of f -  
design condi t ions ,  da ta  w e r e  also 
obtained a t  l o w e r  dynamic pressures :  
 DESIGN values  of about 0.67 and 
0.40. An example of t hese  da t a  is  
shown i n  f i g u r e  3 ( a )  along with ex- 
t r a p o l a t e d  values  a t  ~/GDESIGN of 
2.00 and 0 ( r i g i d  wing).  In  order  t o  
compare t h e  wind tunne l  da ta  t o  l g  
dece le ra t ion  f l i g h t  da t a ,  it w a s  nec- 
essary  t o  i n t e r p o l a t e  t h e  wind tunnel  
da t a  t o  a l g  f a i r i n g .  The l g  f a i r i n g  
assumes a nominal gross weight of 
8230 N (1850 l b ) .  

It w a s  also of i n t e r e s t  t o  compare 
wind tunnel  da t a  t o  t h e  a n a l y s i s  of 
f l i g h t  windup-turn (WUT) maneuvers. 
W U T s  a r e  a cons tan t  9 maneuver with 
varying angle  of a t t a c k  and add i t iona l  
loading e f f e c t s .  The a d d i t i o n a l  loading 
e f f e c t s  have been modeled as incremental  
con t r ibu t ions  t o  t h e  l g  da t a  based on 
load f a c t o r .  The v a l i d i t y  of t h i s  tech- 
nique i s  discussed i n  appendix A. Fig- 
u re  3 ( b )  i l l u s t r a t e s  t h e  process  f o r  
determining t h e s e  increments from t h e  
wind tunnel  data .  The design 9 data  and 
t h e  l g  f a i r i n g  are p l o t t e d  a s  a func t ion  
of CL. The increment between t h e  t w o  
curves is shown as a func t ion  of t h e  
load f a c t o r  which would occur on t h e  
f l i g h t  veh ic l e  a t  t h e  s a m e   DESIGN and 

angle  of a t t a c k .  

FLIGHT DATA 

The f l i g h t  da ta  shown i n  t h i s  r epor t  
were obtained during s p e c i f i c  test  
maneuvers and w e r e  processed a f t e r  
f l i g h t  by us ing  computational techniques.  
Two sets of maneuvers w e r e  analyzed. 
Level f l i g h t  dece lera t ions  (engines a t  
i d l e )  provided a v a r i a t i o n  of angle  of 
a t t a c k  a t  a cons tan t  un i ty  load f ac to r .  
Dynamic pressure  and Reynolds number 
a l s o  va r i ed  during t h e  dece lera t ions .  
The second se t  of maneuvers w e r e  constant  
v e l o c i t y  windup t u r n s  t h a t  provided a 
v a r i a t i o n  of load f a c t o r  and angle  of 
a t t a c k  a t  cons tan t  dynamic pressure  and 
Reynolds number. Both Sets of maneuvers 
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w e r e  performed slowly t o  avoid high 
angular  rates and acce le ra t ions  and t o  
minimize c o n t r o l  inputs .  T r i m  t a b s  and 
t h r o t t l e  s e t t i n g s  w e r e  not  ad jus ted  dur- 
i n g  t h e  maneuvers. A l l  of t h e  data were 
obtained a t  an a l t i t u d e  of about 3810 m 
(12,500 f t ) .  Maneuvers w e r e  analyzed a t  
a v a r i e t y  of wing sweeps; however, most 
of t h e  data presented i n  t h i s  r epor t  
correspond to wing sweeps of Oo, 15", 
30°, 45O, and 6 0 ° .  

RESULTS AND DISCUSSION 

Force and Moment Coef f i c i en t s  

The s i x  f o r c e  and moment coef f i -  
c i e n t s  are presented  as func t ions  of 
angle  of a t t a c k  f o r  t h e  untrimmed air- 
plane under l g  loading and are discussed 
ind iv idua l ly .  

Sideforce,  r o l l i n g  moment, and yaw- 
i n g  moment are s t rong  func t ions  of angle  
of a t t a c k  f o r  the AD-1 a i rp l ane  because 
of t h e  oblique-wing Configuration. The 
r e s u l t a n t  fo rce  vector  of a two-dimen- 
s i o n a l  obl ique wing responds pr imar i ly  
t o  t h e  f rees t ream flow component t h a t  is  
normal t o  t h e  lead ing  edge. Therefore, 
as angle  of a t t a c k  increases ,  t h e  r e s u l t -  
a n t  vector  t i l ts  forward i n  t h e  direc- 
t i o n  of t h e  normal component and gener- 
ates s ide fo rce ,  r o l l ,  and yaw moments. 
This i s  genera l ly  t rue  of an oblique- 
wing a i rp l ane ,  although some va r i a t ion  i s  
expected because of three-dimensional 
e f f e c t s  . 

Force and moment c o e f f i c i e n t s  i n  l g  
f l i g h t  (un i ty  load f a c t o r )  w e r e  deter- 
mined by so lv ing  t h e  s i x  equations of 
motion us ing  data from t h e  dece lera t ion  
maneuvers- The complete fo rce  and 
moment equat ions used i n  t h i s  ana lys i s  
w e r e  der ived from t h e  equations of 
motion given i n  reference 8 and are 
included i n  appendix B. 
e r a t i o n s  were estimated from angular  
rate data ,  and a l l  da ta  were deleted for 
t h e  t i m e  i n t e r v a l  when these  accelera- 
t i o n s  became la rge .  S ides l ip ,  con t ro l  
inputs ,  and angular  rates were accounted 
f o r  by us ing  t h e  r e s u l t s  of a previous 

Angular accel- 

f l i g h t  de r iva t ive  ana lys i s  ( r e f .  6 )  so 
t h a t  t h e  r e s u l t s  can be compared t o  t h e  
wind tunnel  re ference  configurat ion.  
T r i m  t a b  e f f e c t s  were est imated i n  
f l i g h t  by balancing t a b  input  with con- 
t r o l  input ;  t hese  w e r e  included i n  t h e  
equations of motion. Engine t h r u s t  w a s  
estimated from ground tests and t h e  
manufacturer's spec i f i ca t ions  of a l t i -  
tude e f f e c t s ;  t h i s  w a s  a l s o  included i n  
t h e  equations of motion. Therefore, t h e  
force and moment c o e f f i c i e n t s  t h a t  were 
obtained represent  t h e  untrimmed air-  
plane i n  l g  s teady f l i g h t  with zero 
th rus t .  The moment c o e f f i c i e n t s  were 
t r ans fe r r ed  t o  t h e  reference c.g. a t  t h e  
wing p ivot .  
was w r i t t e n  t o  perform these  calcula-  
t ions .  The discrete da ta  po in t s  from 
each maneuver w e r e  p lo t t ed ;  an example 
of s ideforce  da ta  i s  shown i n  f igu re  4. 
Data from a l l  maneuvers a t  t h e  same con- 
d i t i ons  w e r e  combined and f a i r e d  f o r  t h e  
p l o t s  shown i n  t h i s  repor t .  

A FORTRAN computer program 

L i f t  Coe f f i c i en t  

The l i f t  c o e f f i c i e n t  r e s u l t s  are 
shown i n  f i g u r e  5; t he  comparison 
between f l i g h t  and wind tunnel  is gener- 
a l l y  good. I n  t h e  l i n e a r  region of t h e  
data ,  t h e  l i f t  curve s lopes  were pre- 
d ic ted  accura te ly  from t h e  model data.  
The f l i g h t  values  of l i f t  c o e f f i c i e n t s  
a re  higher  than  t h e  wind tunnel  r e s u l t s ,  
and some d i f f e rences  i n  s lope  are seen 
a t  t h e  higher  angles  of a t t ack .  

Non l inea r i t i e s  i n  t h e  l i f t  curves 
( f i g .  5) a t  high angles  of attack are 
a t t r i b u t e d  t o  viscous flow separa t ion  
and spanwise vortex flow. A b r i e f  flow 
v i sua l i za t ion  study, t o  be discussed i n  
t h e  Rol l ing Moment Coeff ic ien t  sec t ion ,  
supports t h i s  assumption. Flow separa- 
t ion ,  i nd ica t ed  by a reduct ion i n  l i f t  
curve s lope  and shown on t h e  f l i g h t  
data of f i g u r e s  5 ( a )  t o  5 ( e ) ,  begins a t  
lower  angles  of a t t a c k  than it does i n  
t h e  wind tunnel  r e s u l t s .  A t  t h e  higher  
wing sweeps, l i f t  from t h e  formation of 
a spanwise vor tex  rep laces  t h e  l o s s  
caused by separa t ion  and increases  t h e  
l i f t  curve s lopes  as seen i n  f i g u r e  5(eI .  
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This increase  i n  l i f t  curve s lope  (vor- 
t e x  l i f t )  is  seen i n  the  45O and 60° 
sweep wind tunnel  da t a  bu t  not  a t  450 i n  
t h e  f l i g h t  data. 
l e v e l  f l i g h t  dece lera t ions  a t  500 and 55O 
sweep are shown i n  f i g u r e  6. In  t h i s  
da t a ,  evidence of vor tex  l i f t  i s  seen a t  
55O and 60° sweep a t  angles  of attack 
g rea t e r  than 1 2 O .  

Additional data from 

Reynolds number v a r i a t i o n  between 
t h e  f l i g h t  and wind tunnel  tests may 
expla in  t h e  d i f f e r e n t  separated f l o w  and 
spanwise vortex c h a r a c t e r i s t i c s .  Most 
of t h e  wind tunnel data w e r e  obtained a t  
a chord Reynolds number of approximately 
7.5 x l o 6 ,  a t  angles  of a t t a c k  (a) up t o  
11O. The higher a data were est imated 
f r o m  l i m i t e d  wind tunnel  data a t  a Rey- 
nolds  number of approximately 4 x lo6.  
During t h e  l e v e l  dece lera t ion  maneuvers, 
the  chord Reynolds number va r i ed  from 
7.1 X lo6 t o  2.6 x l o 6  because of t he  
change i n  airspeed. The  f l i g h t  data a t  
high angles  of attack w e r e  genera l ly  
obtained a t  lower Reynolds numbers than 
i n  t h e  wind tunnel. 

A s  expected, t h e  l i f t  drops of f  w i t h  
i nc reas ing  wing sweep. This reduct ion 
may be approximated by using f l i g h t  data 
a t  zero  sweep and equation ( 1 )  (from two- 
dimensional swept wing theo ry ) .  

The r e s u l t i n g  v a r i a t i o n  i n  l i f t  
curve slope, compared w i t h  f l i g h t  data, 
i s  shown i n  f igu re  7. 

S ideforce  Coeff ic ien t  

The wind tunnel model and f l i g h t  
values  of s ideforce  c o e f f i c i e n t  a r e  
shown i n  f igu re  8. A cons tan t  bias 
e x i s t s  between t h e  two sets of da t a  a t  
a l l  angles  of a t t a c k  and wing sweep, and 
i f  t h i s  b i a s  is ignored, the  comparison 
i s  good. I f  the  wing were i n  t h e  unswept 
p o s i t i o n  and the vehic le  were symmetric, 
t h e  s ide fo rce  would be zero. The f l i g h t  
value of s ideforce  c o e f f i c i e n t  a t  A = 00 
i s  -0.018, which ind ica t e s  either a m e a s -  
urement b i a s  o r  s l i g h t  asymmetry i n  t h e  

air f rame.  S i m i l a r  b i a ses  are also 
noted i n  the r o l l  and yaw moment coef- 
f i c i e n t  f l i g h t  da t a ;  t h i s  implies t h a t  
veh ic l e  asymmetry i s  t h e  most probable 
cause. Therefore,  it is  suggested t h a t  
t h e  b i a s  be ignored when comparing wind 
tunnel  and f l i g h t  data. 

Drag Coef f i c i en t  

The drag c o e f f i c i e n t  r e s u l t s  are 
shown i n  figure 9. Although an oblique- 
wing a i r p l a n e  would e x h i b i t  s i g n i f i -  
can t ly  lower wave drag a t  t r anson ic  air-  
speeds,  t h e  low-speed AD-1 a i r p l a n e  
could not  demonstrate t h i s  bene f i t .  For 
comparison, t h e  f l i g h t  curves  a t  O o ,  30°, 
and 60° sweep are shown toge ther  i n  f ig -  
u r e  10. Incremental changes i n  drag as 
a func t ion  of wing sweep w e r e  observed, 
however. A s  t h e  wing is  s w e p t ,  t h e  
f r o n t a l  area of the a i rp l ane  i s  reduced; 
t h i s  r e s u l t s  i n  s l i g h t l y  l o w e r  p rof i le  
drag. Furthermore, t h e  aspec t  r a t io  
decreases with wing sweep which r e s u l t s  
i n  higher  induced drag. 

Because performance r e s u l t s  w e r e  no t  
necessary t o  accomplish the AD-1 program 
ob jec t ives ,  precise values  of drag w e r e  
no t  demanded f r o m  t h i s  ana lys i s .  There 
w e r e  s i g n i f i c a n t  d i f f e rences  between t h e  
f l i g h t  and wind tunnel  configurat ions.  
Unlike the  wind tunne l  model, t h e  f l i g h t  
veh ic l e  has rounded engine i n l e t s  and 
s o m e  e x t e r n a l  instrumentat ion on the 
wings. There i s  also a l a r g e r  gap 
between t h e  wing and fuse lage  of t h e  
f l i g h t  veh ic l e  than i n  t h e  wind tunnel  
model. While these  incons i s t enc ie s  are 
not  expected t o  g r e a t l y  a f f e c t  t h e  o the r  
force components and moments, they may 
have considerable  impact on the p r o f i l e  
drag  force.  These d iscrepancies  suggest  
l a r g e r  values  of drag  f o r  t h e  f l i g h t  
vehicle .  Other error sources ,  such as 
unce r t a in ty  i n  t h e  engine t h r u s t  model, 
may have a d d i t i v e  or compensating 
e f f e c t s  on t h e  f l i g h t  and wind tunnel  
comparison. 

Rol l ing  Moment Coef f i c i en t  

The genera l  t r e n d s  of the r o l l i n g  
moment c o e f f i c i e n t  ( f i g .  11) compare 
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favorably with wind tunnel  data. Both 
wind tunne l  and f l i g h t  da t a  i n d i c a t e  
t h a t  t h e  l a r g e s t  untrimmed r o l l  moments 
a t  c r u i s e  angles  of a t t a c k  oFcur a t  
about 300 sweep and decrease t o  v i r -  
t u a l l y  zero  a t  O o  and 60° sweep. This 
t r e n d  is t h e  basis of t h e  a e r o e l a s t i c  
design cr i ter ia  and is discussed i n  t h e  
Aeroelastic Design C r i t e r i a  sec t ion .  
The f l i g h t  data show a cons tan t  value of 
0.001 a t  zero  sweep, which is  a t t r i b u t e d  
t o  t h e  a i r p l a n e  asymmetry suggested by 
t h e  sideforce data .  

Because of t h e  l i m i t e d  angle-of - 
attack range of t h e  wind tunnel  tests 
and v a r i a t i o n s  i n  Reynolds number, t h e  
e f f e c t s  of high angle  of a t t a c k  were 
no t  w e l l  def ined i n  t h e  wind tunne l  data.  
A t  600 sweep, evidence of t ra i l ing-edge  
sepa ra t ion  i s  seen i n  t h e  f l i g h t  da ta  a t  
angles  of at tack above 80. Trai l ing-  
edge sepa ra t ion  on t h e  a f t  ( l e f t )  wing 
r e s u l t s  i n  negat ive r o l l i n g  moments. 
The onse t  of vor tex  l i f t  on t h e  a f t  wing 
occurs  a t  12O angle  of attack; t h i s  
r e s u l t s  i n  less negat ive r o l l i n g  moments. 
These e f f e c t s  are ind ica t ed  on t h e  f l i g h t  
da t a  i n  f i g u r e  l l ( e ) .  Note t h a t  vortex 
l i f t  is  also observed i n  t h e  l i f t  coef- 
f i c i e n t  data ( f i g .  5 )  above 120 angle of 
a t t a c k .  A t  greater angles  of attack, 
flow sepa ra t ion  increases  on t h e  a f t  
wing which r e s u l t s  i n  r o l l o f f  t o  t h e  
l e f t .  Lateral con t ro l  e f f ec t iveness  is 
reduced under t h e s e  condi t ions  because 
of t i p  sepa ra t ion  which makes it impos- 
s ib le  t o  reach higher  angles  of a t t a c k  
i n  s teady f l i g h t .  Complete wing s t a l l  
w a s  not  p o s s i b l e  a t  600 sweep. 

A b r i e f  f low-f ie ld  study w a s  per- 
formed t o  v e r i f y  these  high-angle-of- 
attack effects. Tuf t s  w e r e  a t tached  t o  
t h e  upper su r face  of t h e  e n t i r e  wing and 
w e r e  photographed i n  f l i g h t  with t h e  
wing a t  60° sweep. Streamwise a t tached  
flow w a s  i nd ica t ed  by t h e  t u f t s  on t h e  
forward ( r i g h t )  wing a t  angles  of attack 
up t o  15O. Tuf t  p a t t e r n s  observed on 
t h e  a f t  wing, shown schematical ly  i n  
figure 12, show considerable  separa t ion  
developing by 120 angle  of a t t ack ,  and 
t h e  spanwise vo r t ex  is  w e l l  def ined by 

150 angle  of a t t ack .  This confirms t h e  
ana lys i s  of t h e  r o l l  c o e f f i c i e n t  data. 

P i t ch ing  Moment Coeff ic ien t  

The p i t c h i n g  moment c o e f f i c i e n t  
r e s u l t s  ( f i g .  13) do not  e x h i b i t  a c lose  
comparison between wind tunnel  and 
f l i g h t  da ta .  Much of t h e  discrepancy 
may be caused by an inaccura te  predic-  
t i o n  of l ong i tud ina l  t r i m .  This i s  a 
d i f f i c u l t  term t o  p r e d i c t  from wind tun- 
n e l  tests and may have been a f f e c t e d  by 
s t i n g  i n t e r f e r e n c e  ( r e f .  6 ) .  

Yawing Moment Coeff ic ien t  

The yawing moment c o e f f i c i e n t s  are 
shown i n  f i g u r e  14. The f l i g h t  da ta  
show a s m a l l  value a t  O o  sweep f o r  a l l  
angles of a t t ack .  Again, t h i s  is caused 
by t h e  asymmetry of t h e  vehic le .  Corre- 
l a t i o n  between f l i g h t  and wind tunnel  
data is  poor. For c r u i s e  f l i g h t ,  t h e  
yawing moment i s  r e l a t i v e l y  s m a l l  (com- 
pared t o  r o l l  and p i t c h )  and d i f f i c u l t  
t o  measure f r o m  the q u a s i - s t a t i c  maneu- 
vers  used i n  t h i s  ana lys i s .  

Aeroelastic Design Criteria 

The goal of t h e  a e r o e l a s t i c a l l y  
t a i l o r e d  wing design criteria w a s  t o  
minimize t h e  r o l l  t r i m  requirements a t  
the design p o i n t  f l i g h t  condi t ions.  I n  
s t ra ight-and-level  f l i g h t ,  the  AD-1 air-  
plane design condi t ions  are 600 sweep 
and 0.3 l i f t  c o e f f i c i e n t .  This cor res -  
ponds t o  an angle  of a t t a c k  of about 40. 
The wing w a s  in tended t o  d e f l e c t  suf-  
f i c i e n t l y  under l g  load t o  balance t h e  
untrimmed span load about t h e  center-  
l i n e  of t h e  vehic le .  The untrimmed ro l l  
c o e f f i c i e n t  ( f i g .  11) i s  near  zero a t  
60° sweep and 4 O  angle  of a t t a c k ,  i nd i -  
c a t i n g  t h a t  t h e  design goal  has been 
m e t .  A t  in te rmedia te  wing sweeps between 
O o  and 6 0 ° ,  s i g n i f i c a n t  untrimmed r o l l  
moinents do e x i s t .  In  order  t o  equal ize  
these  moments a t  off-design wing sweeps, 
a t  m o s t ,  18 percent  of t h e  a v a i l a b l e  
ro l l  con t ro l  a u t h o r i t y  is  requi red  when 
using s i g n i f i c a n t  rudder t r i m .  
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Lateral-Direct ional  T r i m  

Sideforce h a s  a s t rong  inf luence  on 
t h e  t r i m  requirements of an oblique-wing 
a i rp l ane .  I n  order t o  e l imina te  la teral  
motion, t h i s  s ideforce  must be balanced 
by holding bank angle  o r  s i d e s l i p  angle ,  
or a combination of both. For s teady,  
s t ra ight-and-level  f l i g h t ,  t h e  t r a n s l a -  
t i o n a l  fo rces  on t h e  veh ic l e  can be 
approximated w i t h  equation ( 2 ) .  Control 
i npu t s ,  drag components, and l i f t  caused 
by sideslip have been neglected.  

This t r i m  r e l a t i o n s h i p  between bank 
and s i d e s l i p  angles for  t h e  AD-1 a i rp l ane  
is shown i n  f i g u r e  15, for a l i f t  coef- 
f i c i e n t  of 0.3 a t  600. F l i g h t  values  of 
CyB w e r e  obtained f r o m  re ference  6, and 

values  of Cy were obtained from f i g u r e  8. 

The angle  of t h e  wing p ivo t  a x i s  
w i t h  r e spec t  t o  t h e  fuse lage  i s  an impor- 
t a n t  aspec t  i n  t h e  design of oblique- 
wing a i rp lanes .  I f  t h i s  a x i s  is t i l t e d  
forward, the wing w i l l  develop a bank 
angle  i n  r e l a t i o n  t o  t h e  fuse lage  as it 
is  s w e p t .  
t h i s  p ivo t  ax i s  angle  can be chosen so 
t h a t  t h e  fuselage remains unbanked when 
t h e  wing has a t t a i n e d  an e f f e c t i v e  bank 
angle  s u f f i c i e n t  t o  balance t h e  lateral  
f o r c e s  w i t h  00 s i d e s l i p .  

For a design f l i g h t  condi t ion,  

The wing p ivo t  a x i s  of t h e  AD-1 air-  
p lane  i s  perpendicular  t o  the fuselage.  
Figure 15 shows t h a t  f o r  a design po in t  
of A = 600 and CL = 0.3, about 9.6O of 
bank is  necessary for t r i m  without s ide-  
s l i p .  If the wing p ivo t  a x i s  had been 
t i l t e d  forward 5.5O, t h e  AD-1 a i rp l ane  
wing would achieve t h i s  bank angle  with 
r e spec t  t o  the  fuse lage  a t  60° sweep, 
t h u s  e l imina t ing  t h e  need t o  bank the  
fuse lage  t o  obta in  00 sideslip. 

Load Factor Effec ts  

The moment c h a r a c t e r i s t i c s  a t  load 
f a c t o r s  g rea t e r  than one w e r e  determined 
by analyzing data obtained f r o m  windup 

t u r n s  a t  about t h e  design a. Consider- 
able v a r i a t i o n  e x i s t s  i n  t h e  moment 
c o e f f i c i e n t s  computed f r o m  windup t u r n  
da t a  and those  computed from l g  maneu- 
vers .  A s  an example, t h e  p i t c h i n g  
moment c o e f f i c i e n t s  a t  600 sweep are 
compared i n  f i g u r e  16. Computationally, 
t h e  r o l l ,  pitch,  and yaw moment coef- 
f i c i e n t s  a t  l g  were sub t r ac t ed  f r o m  t h e  
elevated-g values.  The remainders are 
r e f e r r e d  t o  as r o l l i n g  moment increment 
(Act), p i t c h i n g  moment increment ( A % ) ,  
and yawing moment increment (ACn), and 
are shown i n  f i g u r e  17. These terms 
rep resen t  t h e  increments on t h e  moment 
c o e f f i c i e n t s  a t  load  f a c t o r s  o the r  than 
uni ty .  

I n  order t o  analyze t h e  forces and 
moments under elevated-g loading it w a s  
necessary t o  assume t h a t  t h e  sideslip,  
damping, and con t ro l  de r iva t ives  do not  
vary with load f a c t o r .  For m o s t  of the 
terms t h i s  w a s  a good assumption. Pos- 
s i b l e  except ions,  such as C t  may have 

introduced s o m e  error i n t o  the  ana lys i s .  
Derivat ive da t a  ( r e f .  6 )  w e r e  obtained 
only i n  l g  f l i g h t  because the f l y i n g  
c h a r a c t e r i s t i c s  made precise maneuvering 
under accelerated condi t ions  d i f f i c u l t .  
Furthermore, t h e  con t ro l  de r iva t ives  
w e r e  assumed t o  be l i n e a r  throughout t h e  
range of c o n t r o l  au tho r i ty .  This w a s  
probably not  v a l i d  for  l a rge  a i l e r o n  
d e f l e c t i o n s  when combined w i t h  h igh 
angle  of at tack. This condi t ion 
occurred during low-speed f l i g h t  with 
t h e  wing swept because l a rge  a i l e r o n  
de f l ec t ions  w e r e  o f t e n  used for  t r i m .  

B '  

The incremental  e f f e c t s  on Act, Acm, 
and ACn caused by e leva ted  g ( load  fac-  
tors g r e a t e r  than  u n i t y )  are presented 
i n  f i g u r e  17. These da t a  w e r e  obtained 
near  t h e  design 4. The effects of lower 
dynamic p res su re  on these  increments 
w e r e  s tud ied  by performing windup-turn 
maneuvers a t  var ious a i r speeds .  Biases 
occurred because of dynamic pressure  
changes; however, t h e  s lopes  of t h e  
moment increments with respect t o  load 
f a c t o r  did not  vary s i g n i f i c a n t l y  f o r  
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da ta  near design 9. Both wind tunnel  
and f l i g h t  tes ts  confirmed t h a t  t he  
fo rce  c o e f f i c i e n t s  d id  not vary w i t h  
load f a c t o r  o r  dynamic pressure.  A more 
d e t a i l e d  d iscuss ion  of these character-  
ist ics is given i n  appendix A. 

The moment increments had a s igni -  
f i c a n t  impact on t h e  s t a b i l i t y  of t h e  
vehic le  a t  h igher  load f ac to r s .  A s  seen  
i n  t h e  example of f i g u r e  16, t h e  AD-1 
a i r p l a n e  w a s  considerably more stable 
long i tud ina l ly  during l g  dece lera t ions  
than during e l eva ted  g windup t u r n s  
( t h e s e  da t a  are f o r  t h e  reference c.g. 
only; t h e  veh ic l e  w a s  never flown s ta t i -  
c a l l y  uns t ab le ) .  The AD-1 a i rp l ane  
s t r u c t u r e  w a s  adequate t o  complete t h e  
t echn ica l  ob jec t ives  of t h e  p r o j e c t ;  
however, a s t i f f e r  wing accompanied by 
appropr ia te  geometric changes would 
have improved t h e  f l y i n g  q u a l i t i e s  by 
reducing t h e  load f a c t o r  e f f e c t s .  

CONCLUDING REMARKS 

The t o t a l  fo rce  and moment coef- 
f i c i e n t s  f o r  t he  AD-1 oblique-wing 
research  airplane have been obtained 
from f l i g h t  tests. These were deter-  
mined as func t ions  of angle of a t t a c k  a t  
u n i t y  load f ac to r .  The f l i g h t  r e s u l t s  
w e r e  compared with p red ic t ions  based on 

wind tunnel  model data.  The co r re l a t ion  
w a s  general ly  good, although it w a s  less 
favorable  f o r  t h e  drag and yaw moment 
components. The da ta  a l s o  ind ica ted  
s i g n i f i c a n t  flow separa t ion  and spanwise 
vortex flow e f f e c t s  which w e r e  v e r i f i e d  
by flow v i s u a l i z a t i o n  a t  high angles  of 
a t t ack .  

The s ta t ic  a e r o e l a s t i c a l l y  t a i l o r e d  
wing design c r i t e r i a  r e s u l t e d  i n  minimal 
r o l l  t r i m  requirements a t  a 60° sweep 
design f l i g h t  condition. The bank and 
s i d e s l i p  angles  required f o r  t r i m  w e r e  
determined f o r  t h e  f l i g h t  vehicle .  It 
is suggested t h a t  optimal s e l e c t i o n  of 
t h e  wing p i v o t  a x i s  angle  could el imi-  
n a t e  t h i s  requirement on f u t u r e  designs. 

The moment c o e f f i c i e n t  charac te r i s -  
t ics  a t  higher  load f a c t o r s  w e r e  a l s o  
determined i n  f l i g h t .  Longitudinal sta- 
t i c  s t a b i l i t y  w a s  s i g n i f i c a n t l y  reduced 
during elevated-g maneuvers. Increased 
wing s t i f f n e s s  would have improved the  
f l y i n g  q u a l i t i e s  of t h e  a i rp lane .  

A m e s  Research Center  
Dryden F1 i g h t  Research Faci l  i t y  
National  Aeronaut ics  and Space 

Edwards, C a l i f o r n i a ,  June 6, 1983 
Admin i s t ra t  i o n  
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APPENDIX A - AEROELASTICITY MODELING 

Because of t h e  oblique-wing configu- 
r a t i o n ,  the AD- 1 a i rp l ane  demonstrates 
unique a e r o e l a s t i c  p rope r t i e s .  These 
p r o p e r t i e s  g rea t ly  a f f e c t e d  t h e  f l y i n g  
q u a l i t i e s  and had t o  be modeled t o  
o b t a i n  a va l id  s imulat ion.  Because of 
t h e  l i m i t e d  range of t es t  a l t i t u d e  and 
a i r p l a n e  gross weight, data could not  be 
obtained only as a func t ion  of dynamic 
p res su re  without varying angle  of a t t a c k .  
The ava i l ab le  f l i g h t  data c o n s i s t s  of l g  
dece le ra t ions ,  windup t u r n s  a t  near t h e  
design (r, and windup t u r n s  a t  l o w e r  
dynamic pressures. The lower 9 windup- 
t u r n  da t a  i s  l i m i t e d  i n  q u a l i t y  and 
quan t i ty  because of poor f l y i n g  qua l i -  
t i e s  a t  high angles of attack, espe- 
c i a l l y  a t  high sweep angles.  A t  350 
sweep a reasonable set of windup t u r n s  
a t  var ious  DESIGN w a s  obtained. 
data are used t o  i l l u s t r a t e  two f e a t u r e s  
of the  a e r o e i a s t i c  modeling presented i n  
t h i s  paper. 

These 

The first f e a t u r e  is  t h a t  aeroelas-  
t i c  e f f e c t s  on force data can be neglec- 
t ed .  Generally, the aeroelastic e f f e c t s  
on a conventional swept wing a i rp l ane  
r e s u l t  i n  a change i n  l i f t  curve slope 
caused by t h e  geometric t w i s t  a s soc ia t ed  
with wing bending. 
t h i s  r e s u l t s  i n  a decrease i n  l i f t  curve 
slope and f o r  forward swept wings t h i s  
r e s u l t s  i n  an inc rease  i n  l i f t  curve 
s lope.  A s  shown i n  f i g u r e  18, t h e  AD-1 
a i r p l a n e  exh ib i t s  no s i g n i f i c a n t  change 
i n  l i f t  curve s lope  during changes i n  
dynamic pressure. This i s  probably 
caused by a canceling of t h e  aeroelas- 
t i c  e f f e c t s  of t h e  forward and a f t  s w e p t  
po r t ions  of t h e  obl ique wing. The 
second f ea tu re  is  t h a t  s h i f t i n g  of the 
load cent ro id ,  caused by d i f f e r e n t  aero- 
e las t ic  e f f e c t s  of t h e  forward and a f t  
swept por t ions  of t h e  wing, r e s u l t s  i n  
a s i g n i f i c a n t  moment v a r i a t i o n  w i t h  
loading. Generally, any change i n  
wing shape because of maneuvering o r  
airspeed changes w i l l  change t h e  moment 
c o e f f i c i e n t s .  

For a f t  s w e p t  wings 

These characteristics have been pre- 
sen ted  i n  t h i s  r e p o r t  as l g  da t a  (cor- 
responding t o  l e v e l  f l i g h t  dece le ra t ions  
w i t h  varying 6 and a) and t h e  incremen- 
t a l  e f f e c t  of a d d i t i o n a l  loading a t  t he  
design 9 as a func t ion  of load f a c t o r .  
Using t h i s  modeling technique,  a satis- 
f ac to ry  s imula t ion  of t h e  veh ic l e  f l y i n g  
q u a l i t i e s  w a s  poss ib le .  Airplane gross  
weight va r i ed  about 210 percent  around 
the  nominal value of 8230 N (1850 l b )  
during f l i g h t  t e s t i n g  and w a s  assumed t o  
be cons tan t .  This w a s  necessary i n  
order  t o  show the  incremental  e f f e c t s  as 
a func t ion  of load f a c t o r .  

The  moment c o e f f i c i e n t s  a t  A = 35O 
f r o m  a l g  dece le ra t ion  and windup t u r n s  
a t  t h e  design and l o w e r  dynamic pres- 
su res  are compared i n  f i g u r e  19. The 
off-design Cj windup-turn data genera l ly  
do not  i n t e r s e c t  t h e  l g  da ta  and thus  
i n d i c a t e  a s m a l l  moment b i a s  ( t r i m )  
error i n  the model. This e r r o r  may be 
caused by p o w e r  e f f e c t s  which were pres- 
e n t  i n  t h e  windup tu rns .  I f  t h e  incre-  
ments between the windup t u r n  (WUT) and 
dece le ra t ion  values  are plot ted as a 
func t ion  of load f a c t o r  ( f i g .  20), t h e  
slopes of t h e s e  increments with load 
f a c t o r  are s i m i l a r  f o r  values  of near 
design 41. 
quan t i ty  of t h e  data a t  lower 9 (h igher  
a) is  limited and i s  considered t o  be of 
unsa t i s f ac to ry  q u a l i t y  to def ine  such 
va r i a t ions .  Therefore,  t h e  se t  of incre-  
ments obtained a t  t h e  design 9 w a s  used 
i n  t h e  s imulator  model f o r  a l l  dynamic 
pressures .  The s imula t ion  produces real- 
i s t i c  dynamic response a t  a l l  dynamic 
p res su res  although the response a t  l o w  
(r w a s  not  r igorous ly  evaluated. 
biases which occur i n  the moment incre-  
ments because of varying dynamic pres- 
s u r e  r e s u l t  i n  a t r i m  change for  the  
f l i g h t  veh ic l e  and w e r e  no t  modeled i n  
t h e  AD-1 s imulat ion.  

A s  p rev ious ly  mentioned t h e  

The 
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APPENDIX B - UNTRIMMED FORCE AND MOMENT COEFFICIENT EQUATIONS 

Force : M o m e n t  : 

Way cy = - 
PS 
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TABLE 1 . . PHYSICAL CHARACTERISTICS OF AD-1 AIRPLANE 

T o t a l  he ight .  m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . .  2.06 (6.75) 
T o t a l  length.  rn ( f t )  . . . . . . . . . . . . . . . . . . . . . . .  11-80 (38.80) 
Wing ( A  = O o )  - 

Reference and a c t u a l  planform area. m2 ( f t 2 )  . . . . . . . . .  8.60 (93.00) 
Reference and unswept Span. m ( f t )  . . . . . . . . . . . . . .  9.80 (32.30) 
Reference and unswept chord ( root ) .  m ( f t )  . . . . . . . . . . .  1.30 (4.28) 
Aspect r a t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.2 
A i r f o i l  . . . . . . . . . . . . . . . . . . . .  NACA 3612.02. 40 (cons tan t )  
Dihedral  angle.  deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Twist. deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -2 
R o o t  inc idence  angle.  deg . . . . . . . . . . . . . . . . . . . . . . . .  2 
Quarter  chord sweep angle.  deg . . . . . . . . . . . . . . . . . . . . . .  0 
Leading edge sweep angle .  deg . . . . . . . . . . . . . . . . . . . . . .  2 
Average chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . .  0.88 (2.90) 
wing p i v o t  l oca t ion  . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 4 ~ ~  
Sweep angle  range. deg . . . . . . . . . . . . . . . . . . . . . . .  0 t o  60 

Hor izonta l  t a i l  - 
Planform area. m2 ( f t 2 )  . . .  
span. m ( f t )  . . . . . . . . .  
Average chord. m ( f t )  . . . .  
Root chord. m ( f t )  . . . . . .  
Dihedral  angle.  deg . . . . .  
Incidence angle .  deg . . . . .  
Leading edge sweep angle .  deg 
A i r f o i l  . . . . . . . . . . .  

V e r t i c a l  t a i l  - 
A r e a  (exposed). m2 ( f t 2 )  . . .  
Span (exposed). m ( f t )  . . . .  
R o o t  chord. m ( f t )  . . . . . .  
Leading edge sweep angle.  deg 
A i r f o i l  . . . . . . . . . . .  
Aileron hinge l i n e  . . . . . .  

Average chord. m ( f t )  . . . .  

Primary c o n t r o l  su r f aces  - 

Aileron span ( t o t a l ) .  m ( f t )  . 

. . 2.40 (26.00) . . . . . . . . . . . . . . . . .  2.40 (8.00) 

. . . . . . . . . . . . . . . . .  1.60 (5.40) 
. 1-00  (3.30) 

. . . . . . . . . . . . . . . . . . . . . .  0 . . . . . . . . . . . . . . . . . . . . . .  0 . . . . . . . . . . . . . . . . . . . . .  45 . . . . . . . . . . . . . . . . . .  NACA0006 

1-30 (14.40) 
1.10 (3.70) . . . . . . . . . . . . . . . . .  1.20 (3.90) 

. . 1-80  (5.80) . . . . . . . . . . . . . . . . . . . . .  43 . . . . . . . . . . . . . . . . . .  NACA 0006 

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . .  o.75cr . . . . . . . . . . . . . . . .  3.70 (12.00) 

Aileron area. each. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . .  0.28 (3.00) 

Aileron root s t a t i o n .  - . . . . . . . . . . . . . . . . . . . . . .  
Aileron  root chord. m ( f t )  . . . . . . . . . . . . . . . . . . .  0.20 (0.65) 
Aileron range. each. deg . . . . . . . . . . . . . . . . . . . . . . . .  225 
Eleva tor  hinge l i n e  sweep angle.  deg . . . . . . . . . . . . . . . . . . .  0 

Eleva tor  average chord. m ( f t )  . . . . . . . . . . . . . . . . .  0.19 (0.62) 
Eleva tor  root chord. m ( f t )  . . . . . . . . . . . . . . . . . .  0.23 (0.75) 
Eleva tor  range. deg . . . . . . . . . . . . . . . . . .  25" up to  15O down 
Rudder hinge Pine sweep angle.  deg . . . . . . . . . . . . . . . . . . . .  0 
Rudder area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . . .  0.14 (1.51) 
Rudder average chord. m ( f t )  . . . . . . . . . . . . . . . . . .  0.24 (0.77) 
Rudder root chord. m ( f t )  . . . . . . . . . . . . . . . . . . .  0.28 (0.91) 
Rudder range. deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  f25  

0.62 Y 
b/2 

Eleva tor  area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . .  0.46 (5.00) 
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TABLE 1. - Concluded 

Masses - 
Empty weight, N ( l b )  . . . . . . . . . . . . . . . . . . . 6450 (1450) 
Useful load, N ( l b )  . . . . . . . . . . . . . . . . . . . . . . 2930 (695)  
Fuel  load, N ( l b )  . . . . . . . . . . . . . . . . . . . . . . . 2110 (475)  
Gross weight, N ( l b )  . . . . . . . . . . . . . . . . . . . . . . 9540 (2145) 

Engines . . . . . . . . . . . . . . . . . . . . . . . . . . Two TRS-18-046 
Sea-level  s t a t i c  t h r u s t ,  each, N ( l b )  . . . . . . . . . . . . . . 979 (220)  

Powe rp lan  t - 

TABLE 2. - SELECTED INSTRUMENTATION PARAMETERS 

~~ ~~~ 

Para meter desc r ip t ion  

Angle of a t t a c k ,  deg 
Angle of s ides  l i p ,  deg 
Airspeed, knots 
Al t i tude ,  m ( f t )  

Free a i r  reference 

P i tch  a t t i t u d e ,  deg 
Roll  a t t i t u d e ,  deg 
Pi tch  r a t e ,  deg/sec 
Roll  r a t e ,  deg/sec 
Yaw rate, deg/sec 
Normal acce le ra t ion ,  g 
La te ra l  acce le ra t ion ,  g 
Longitudinal acce le ra t ion ,  g 
Wing sweep angle ,  deg 
Right a i l e r o n ,  deg 
Lef t  a i l e r o n ,  deg 
Elevator ,  deg 
Rudder, deg 
Right t h r o t t l e ,  percen 
Left  t h r o t t l e  , percent  
Aileron t r i m  t ab ,  deg 
Elevator t r i m  tab, deg 
Rudder t r i m ,  deg 

temperature , O C  ( O F )  

Range 

-5 t o  20 
-15 t o  15 

0 t o  200 
0 t o  6100 

( 0  t o  20,000) 
-45 t o  65 

(-49 t o  149) 
-30 t o  30 
-30 t o  30 
-60 t o  60 
-60 t o  60 
-30 to 30 

-1 t o  4 
-0.5 t o  0.5 
-0.5 t o  0.5 

-25 t o  25 
-25 t o  25 
-27 t o  15 
-25 t o  25 

0 t o  60 

60 t o  110 
60 t o  110 

-20 t o  20 
-20 to  20 
-22 t o  7 

~~ 

Accuracy 

0.5 
0.5 
3.0 

90.0 
(300 

2.0 
(3.6) 
0.6 
0.6 
0.3 
0.6 
0.3 
0.025 
0.005 
0.005 
0.6 
0.5 
0.5 
0.4 
0.5 
1 .o 
1 .o 
0.4 
0.4 
0.3 
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Figure 1 .  General c o n f i g u r a t i o n  of t h e  
AD-1 oblique w i n g  a i r p l a n e ;  h = 60'. 

J 

\ J  

F i g u r e  2 .  W i n d  t u n n e l  
m o d e l  b l a d e  suppor t  
arrangements .  

Wind tunnel -- Extrapolated 
wind tunnel --- l g  fairing 

q'qdesign 
0 O(rigid) 
0 0.40 
0 0.67 
a 1.00 (design) 
u 2.00 

- 

.01 r I 

0 

Cf 

- .01 

- .02 
- 4  0 4 8 12 16 

0, deg 

( a )  lg c h a r a c t e r i s t i c s .  

- Wind tunnel -- Extrapolated 
wind tunnel 

--- l g  fairing 

q'qdesign 
.01 D 1.00 (design) 

Moment 

CI 

--01 t 
I 

1.2 
\ ,  - .02 

0 .3 .6 .9 

cL 

( b )  Moment increment e x t r a c -  
t i o n .  

Figure 3 .  Example of w i n d  
tunnel  moment d a t a  reduc t ion;  
h = 4 5 0 .  
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q, 
N/m2 (lb/ft2) 

0 335 to 789 (7 to 16) 
0 790 to 1314 (17 to 27) 
0 1315 to 1984 (28 to 41) 
A 1985 to 2754 (42 to 57) 
D 2755 to 3690 (58 to 77) 

2.0 

1.6 

1.2 

CL .8 

.4 

0 ,  

-.4 - .2 1 

-- - 

/ 
/ - 

- 

- 

- 

/ 
/ 

/ 
/ 

I 
-8 -4 0 4 8 12 16 
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-.08 

cy -.12 

-.16 

-20 

- 

- 

- 

- 

- 

0 

o m  

- .24 
-2 2 6 10 14 18 

0, deg 

Figure  4 .  Example of u n f a i r e d  f l i g h t  
s i d e f o r c e  d a t a  f rom a d e c e l e r a t i o n  
maneuver; A = 45‘ .  

( a )  A = O O .  

- Flight ( lg  deceleration: varying $) 
Wind tunnel -- 

Onset of trailing 
edge separation, 
flight , 0 

/ 
1.6 

.. 
-8 -4 0 4 8 12 16 

0, deg 

(b) A = 15‘ .  

Figure  5 .  Untrimmed 1 i f  t coefficient 
r e s u l t s  . 
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- Flight (lg deceleration; varying 4) 
Wind tunnel -- 

CL 1 / 

Onset of trailing 
edge separation, 
flight 
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-4 0 4 8 12 16 -8 
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.8 
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0 
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- Flight (19 deceleration; varying 9) 
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a, deg 

( d )  A = 45'.  

,Onset of trailing 
edge separation, 
flight 
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u 
12 16 

Figure 5 .  Continued . 

1.2 

.8 

0 

- .4 

- Flight (lg deceleration; varying q) 
Wind tunnel -- 

Onset of trailing Vortex 
edge separation, lift, 
flight7 flight 

\ - 

-8 -4 0 4 8 12 16 
a, deg 

( e )  A = 60'. 

Figure 5 .  Concluded . 
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.8 

cL 

.4 

0 4 8 12 16 
0, deg 

Figure 6 .  Untrimmed l i f t  
c o e f f i c i e n t  a t  h i g h  wing 
sweeps  i n  f l i g h t  . 
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Flight - 
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I I I I I 
0 10 2 0 3 0 4 0 5 0 6 0  

A ,  deg 

Figure 7 .  V a r i a t i o n  i n  l i f t  curve  
slope w i t h  wing sweep;  a = 4'. 
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Figure 8 .  Untrimmed s i d e f o r c e  c w c .  
f i c i e n t  results OF PGL.? c:-. _. 

- .24 

a, deg 

( a )  A = 45'; 60'. 

Figure 8 .  Concluded . 
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- Flight (lg deceleration; varying q) 
Wind tunnel -- 

.20 r I 

- Flight (lg deceleration; varying tj) 
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I 
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0, deg 
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(c) A = 30°. 
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(b) A = 1 5 O .  
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CD 
.08 
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- Flight (lg deceleration; varying 9) 
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(d) A = 45O. 

Figure 9. Untrimmed drag coefficient results. 
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